Introduction {#sec1}
============

Gold and silver nanoclusters exhibit unique optical and chemical properties that make them suitable for a wide variety of biomedical and technological applications such as solar cell technologies,^[@ref1]−[@ref3]^ catalysis,^[@ref4]−[@ref6]^ and tissue imaging.^[@ref7]−[@ref9]^ It is now well established that these properties can be tuned by changing the geometry (size and shape),^[@ref10]−[@ref13]^ ligand, and the solvent environment^[@ref14]−[@ref19]^ of the nanocluster. Although the interactions between the ligand shell and solvent molecules are very important in predicting the stability and activity of noble metal nanoclusters in solution, key steps in catalysis (substrate binding for instance) may occur at the solvent exposed metallic sites. In addition, the stability of noble metal clusters in solution depends on the interactions of these sites with solvent molecules. Therefore, in order to design noble metal nanoclusters with the desired properties, it is important to accurately compute metal--solvent interactions.

Many computational studies have treated the solvent environment of noble metal clusters using continuum models such as the polarizable continuum model^[@ref20],[@ref21]^ or the conductor-like screening model,^[@ref22],[@ref23]^ as these methods are computationally very efficient. On the other hand, few computational studies have examined how the presence of explicit solvent molecules affects the optical and chemical properties of noble metal clusters^[@ref24],[@ref25]^ because of the high computational cost. In order to model intermolecular interactions accurately, *ab initio* quantum mechanical (QM) methods are needed. However, modeling hundreds or thousands of solvent molecules with these methods remains impractical. An attractive alternative is a QM/molecular mechanics (MM) approach, where the solute (the nanocluster) is modeled with quantum mechanics and the solvent with an MM force field. In this approach, the electronic properties of the metal cluster can still be computed as the cluster is modeled with quantum mechanics. As compared to full QM methods, QM/MM methods are computationally less expensive because the intermolecular interaction energies are fitted to a functional form, therefore decreasing the time and memory requirements of the calculations. A significant disadvantage of many classical MM force fields is that the energy terms may contain many fitted parameters. Although these parameters are reliable when applied to systems that are similar to those used in the force field parameterization, they may not be reliable for other systems. In fact, very few MM force fields have considered interactions with transition metals or other heavy elements in their parametrization procedure.^[@ref26]^

A force field that has become the subject of much interest is the effective fragment potential (EFP), originally designed to model solute--solvent and solvent--solvent interactions.^[@ref27]−[@ref31]^ EFP is a first-principles-derived force field which contains few or no empirically fitted parameters, depending on implementation, making it more robust than most classical MM force fields. In EFP, the pairwise interaction energies between a QM molecule and an EFP fragment (a solvent molecule) as well as interaction energies between EFP fragments are calculated. Contributions to the total interaction energy are computed separately using a perturbative approach, giving some valuable insights into the nature of the forces acting between the molecules. There are two types of EFP methods: EFP1 and EFP2. The original EFP1 method was developed to model QM molecules in an aqueous solution.^[@ref27],[@ref28],[@ref32],[@ref33]^ The EFP1 interaction energy is given by^[@ref28]^

*E*~Coul~ is the Coulomb energy between EFP fragments or between a QM molecule and a fragment, computed using the distributed multipole analysis method.^[@ref34],[@ref35]^*E*~Pol~ is the polarization energy, where induced dipoles of the fragments in the field exerted by other fragments, or by a QM wavefunction, are iterated to self-consistency. *E*~Remainder~ is the remainder term, fitted to reproduce the Hartree--Fock (HF)^[@ref28]^ or density functional theory (DFT)^[@ref36]^ interaction energy between two water molecules. A dispersion correction *E*~Disp~ may be added to the total energy given in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.^[@ref37],[@ref38]^ The dispersion-corrected EFP1 method is labeled as EFP1-D.

The second method, EFP2, can be applied to any solvent molecule.^[@ref27]^ The intermolecular interaction energy is given by

*E*~Coul~ and *E*~Pol~ are computed similarly as in EFP1. *E*~Disp~ is the dispersion energy, computed from the dynamic polarizabilities of the EFP2 fragments, as well as the dipole integrals and orbital energies of the QM molecule.^[@ref39]−[@ref42]^*E*~ExRep~ is the exchange repulsion energy. For the QM-fragment interactions, *E*~ExRep~ is computed from the overlap integrals between the canonical molecular orbitals of the QM molecule and the localized molecular orbitals of the EFP fragments.^[@ref43]−[@ref45]^ For fragment--fragment interactions, it is computed from the intermolecular overlap, kinetic energy integrals, and the Fock matrix of the fragments (using localized molecular orbitals as the basis).^[@ref45]^*E*~CT~ is the charge transfer energy.^[@ref46]^ This term is defined when an electron from one subsystem A is excited into a virtual orbital from subsystem B. It can be calculated from canonical molecular orbitals or valence virtual orbitals.^[@ref47],[@ref48]^*E*~CT~ is currently implemented for solvent--solvent interactions only. In addition, because this term is usually (but not always)^[@ref49]^ small when compared to other terms and is a bottleneck in EFP2 calculations, it is sometimes neglected.

The aim of this study is to benchmark the accuracy of the EFP1, EFP1-D, and EFP2 force fields in modeling the interactions between noble metal (Ag and Au) nanoclusters and water.

Methods {#sec2}
=======

In this study, two methods are used to compute the interaction energy between a noble metal cluster and a water molecule. (1) Full QM methods, where both the metal cluster and water molecule are treated using *ab initio* methods. The QM methods considered are HF, DFT, and coupled cluster singles, doubles, and perturbative triples \[CCSD(T)\]. (2) QM/EFP, where the metal nanocluster is treated using an *ab initio* QM method (QM = HF or DFT), and the water molecule is treated with EFP (EFP1, EFP1-D, or EFP2).

For full QM methods, the interaction energies are calculated using the equation

In [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, *E*~complex~ is the total energy of the dimer composed of the metal cluster and a water molecule. *E*~cluster~ is the total energy of the metal cluster, and *E*~water~ is the total energy of the water molecule. For the QM/EFP calculations, the interaction energy between the metal nanocluster and the water molecule are computed using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} for QM/EFP1 and [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} for QM/EFP2, respectively. For the QM/EFP1 and QM/EFP1-D calculations, the HF-derived remainder term is used.^[@ref28]^ For the QM/EFP1-D calculations, an atomic pairwise dispersion correction from Grimme is added to the EFP1 interaction energy.^[@ref50]^

Computational Details {#sec2.1}
---------------------

The full QM and the QM/EFP calculations shown in this work were performed with the General Atomic and Molecular Electronic Structure System (GAMESS) package.^[@ref51],[@ref52]^ For the full QM geometry optimizations, the BP86/Def2-TZVP level of theory was used unless otherwise specified.^[@ref53]−[@ref55]^ The Def2-TZVP basis set uses an effective core potential (ECP) to model the inner electrons of the silver and gold atoms.^[@ref56]^ The Def2-TZVP basis set was used in previous computations for silver/gold clusters and complexes.^[@ref57]−[@ref60]^ Basis set information was taken from the basis set exchange repository.^[@ref61],[@ref62]^ All CCSD(T) single-point energy calculations were performed with the Def2-TZVP basis set unless otherwise specified.

For the QM/EFP1 and QM/EFP1-D calculations, the BP86 functional was used in conjunction with the Def2-TZVP basis set described previously. The already implemented force field parameters derived from a HF/DH(d,p) calculation were used for water.^[@ref28]^ For the QM/EFP2 calculations, an all-electron DZP basis set (with no additional treatment of relativistic effects)^[@ref63],[@ref64]^ was used for the QM region (the nanocluster). This full-electron basis set was chosen because the exchange-repulsion term in EFP2 is not currently interfaced with the ECP. The force field parameters for water were derived from a HF/6-311++G(3df,3p) calculation. No damping function was used for the electrostatic or polarization energy unless otherwise specified. An overlap damping function was used for screening the dispersion energy.^[@ref40]^ In addition, because gradients are not yet implemented, only single-point energy calculations were performed using the QM/EFP2 method. QM/EFP calculations where the QM region is treated at the HF level are labeled as HF/EFP. QM/EFP calculations, where the QM region is treated at the BP86 level, are labeled as BP86/EFP.

A decomposition of the interaction energy between the Ag~2~ molecule and water was also computed using symmetry-adapted perturbation theory (SAPT).^[@ref65],[@ref66]^ In this paper, we used SAPT theory, including second- and third-order terms (SAPT2 + 3)^[@ref67]^ with a DZP basis set. The SAPT energy terms are grouped into electrostatic, exchange, polarization, and dispersion using the same scheme as in ref ([@ref67]) in order to be compared to the QM/EFP2 values ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}).

Results and Discussion {#sec3}
======================

Optimization of Ag~2~--H~2~O and Au~2~--H~2~O Dimers {#sec3.1}
----------------------------------------------------

The Ag~2~--H~2~O and Au~2~--H~2~O complexes were optimized using the DFT, DFT with Grimme's dispersion correction (DFT-D),^[@ref49]^ BP86/EFP1, and BP86/EFP1-D methods. The energies of the DFT-optimized structures were also computed using the HF/EFP2, BP86/EFP2, and CCSD(T) methods. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the two main configurations obtained from the geometry optimizations of Au~2~--water complexes. Similar structures were obtained for the Ag~2~--water system.

![Optimized geometries of Au~2~--water complexes obtained at the BP86/Def2-TZVP level of theory. Yellow: gold. Red: oxygen. White: hydrogen. (A) End configuration (B) side configuration.](ao0c00132_0001){#fig1}

Two main configurations were optimized: the end configuration and the side configuration. For the end configuration, water binds along the main axis of the metal dimer with the oxygen atom oriented toward the metal cluster. The electronic density of the metal cluster is mostly concentrated within the metal--metal bond, leaving partial positive charges at the metal atoms to interact with the partial negative charge of oxygen. For the side configuration, one of the hydrogen atoms of the water molecule is oriented toward the metallic bond. In this configuration, the partial positive charge of hydrogen interacts with the metal--metal bond, where electron density is the highest. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the energy difference between the side and end configurations (*E*~side~--*E*~end~). For the QM/EFP calculations, this difference is taken to be the difference between the interaction energies of the two conformations. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} also shows the M~2~--water (M = Ag and Au) interaction energies and intermolecular distances for both configurations. For the end configuration, the intermolecular distance is computed as the distance between the oxygen atom and the nearest metal atom. For the side configuration, the intermolecular distance is computed as the distance between the oxygen atom and the metal--metal bond midpoint.

###### Cluster--Water Interaction Energies (kcal/mol) and Intermolecular Distances (Å) of the M~2~--H~2~O (M = Ag and Au) Complexes and Energy Difference *E*~side~--*E*~end~ (kcal/mol) between the Side and End Configurations[a](#t1fn1){ref-type="table-fn"}

                                           DFT       DFT-D     BP86/EFP1   BP86/EFP1-D   BP86/EFP2[b](#t1fn2){ref-type="table-fn"}   HF/EFP2[b](#t1fn2){ref-type="table-fn"}   CCSD(T)/Def2-TZVP[b](#t1fn2){ref-type="table-fn"}   CCSD(T)/DZP[b](#t1fn2){ref-type="table-fn"}
  -------------- ------------------------- --------- --------- ----------- ------------- ------------------------------------------- ----------------------------------------- --------------------------------------------------- ---------------------------------------------
  Ag~2~--H~2~O   *E*~side~ -- *E*~end~     4.88      3.21      1.23        0.81          9.87                                        15.21                                     5.42                                                6.22
                 interaction energy        --8.12    --9.11    --3.55      --5.23        --7.22                                      --13.63                                   --8.00                                              --14.42
                 (−3.27)                   (−5.89)   (−2.32)   (−4.42)     (2.65)        (1.58)                                      (−2.65)                                   (−8.45)                                             
                 intermolecular distance   2.40      2.43      3.19        3.16          N/A                                         N/A                                       N/A                                                 N/A
                 (3.31)                    (3.18)    (3.66)    (3.62)                                                                                                                                                              
  Au~2~--H~2~O   *E*~side~ -- *E*~end~     12.40     10.14     2.1         1.44          10.07                                       19.27                                     10.92                                               1.74
                 interaction energy        --14.92   --16.00   --4.19      --6.19        --7.90                                      --17.61                                   --13.75                                             --10.14
                 (−2.48)                   (−5.81)   (−2.09)   (−4.75)     (2.17)        (1.66)                                      (−2.82)                                   (−7.96)                                             
                 intermolecular distance   2.28      2.29      3.14        3.12          N/A                                         N/A                                       N/A                                                 N/A
                 (3.41)                    (3.28)    (3.73)    (3.66)                                                                                                                                                              

Interaction energies and intermolecular distances for the side configuration are in parentheses.

Single-point energy calculations were performed on the DFT-optimized structure for these methods.

All methods predict that the end configuration is energetically lower than the side configuration, for both the silver and the gold systems. DFT relative energies and intermolecular interaction energies are within about 1 kcal/mol of the reference CCSD(T)/Def2-TZVP values. On the other hand, the DFT-D method tends to yield stronger intermolecular interactions (larger interaction energies and smaller intermolecular distances) than DFT, especially for the side configuration. These results possibly indicate some double counting of electron correlation with DFT-D. For the end configuration of the complexes, the BP86/EFP1 and BP86/EFP1-D methods underestimate interaction energies and overestimate intermolecular distances when compared to DFT, especially for the gold system. For the side configuration of the complexes, these two methods yield interaction energies that are comparable to DFT, but an overestimation of the intermolecular equilibrium distance of 0.2--0.3 Å is observed. In addition, the end and side configurations appear to be nearly degenerate using these methods. The remainder term of the QM/EFP1 energy ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) contains parameters that were fitted to reproduce the interaction energy of the H~2~O--H~2~O dimer. It is therefore expected that QM/EFP1 (or QM/EFP1-D) calculations might not produce reliable results for heavy elements like gold and silver. The Ag~2~--H~2~O interaction energy computed with BP86/EFP2 for the end configuration is very similar to the value obtained with CCSD(T)/Def2-TZVP, whereas it is underestimated by about 6 kcal/mol for the end configuration of the Au~2~--H~2~O system. The HF/EFP2 method overestimates interaction energies in the end configuration by 4--5 kcal/mol compared to CCSD(T)/Def2-TZVP for both the silver and gold systems, possibly because of some missing correlation. For the side configurations of the M~2~--H~2~O complexes (M = Ag and Au), both the HF/EFP2 and BP86/EFP2 methods yield positive interaction energies, which is in contrast with DFT and coupled-cluster results. The energy difference between the isomers tends to be overestimated by 10 kcal/mol with HF/EFP2 compared to CCSD(T)/Def2-TZVP, but much better agreement is obtained with BP86/EFP2, especially for the Au~2~--H~2~O system.

The disagreements between QM/EFP and full QM methods might be because of a strong interaction between the water molecule and the metal cluster. For instance, a stronger bonding interaction between the metal and the oxygen atom might form in the end configuration of the complexes. Such interactions are beyond what can be described with a force field like EFP. In fact, at the BP86/Def2-TZVP level, an analysis of the Mulliken charges^[@ref68]^ of the Au~2~--H~2~O end configuration shows an electron transfer from the oxygen atom to the Au~2~ cluster of about 0.15e. In addition, a bond order^[@ref69]^ of 0.22 is computed between the oxygen atom and the adjacent Au atom. We therefore hypothesize that the first solvation shell must be treated with full QM, whereas the second solvation shell can be treated with EFP. In order to further investigate this matter, two complexes composed of an M~2~ molecule (M = Ag and Au) and two water molecules are built, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The water molecule that is directly bonded to the M~2~ cluster is treated with full QM at the same level of theory as the metal. The second water molecule, which is hydrogen-bonded to the first, is treated with EFP. Only QM/EFP2 calculations are performed. It is noted that these systems are not local minima on the potential energy surface. The interaction energy between the EFP water molecule and the M~2~--H~2~O QM region is reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} for all systems. Overall, the interaction energies obtained with BP86/EFP2 are very similar to those computed with DFT for all four systems, whereas the interaction energies computed with HF/EFP2 tend to be underestimated by 2--3 kcal/mol when compared to DFT. It is also noted that the CCSD(T)/Def2-TZVP interaction energies mostly match those computed with DFT, except for configuration 1 of the (Au~2~--H~2~O)--H~2~O system ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), where the interaction energy is overestimated by 2.5 kcal/mol. These results suggest that the first solvation shell should be treated with full QM, but the second solvation shell can be treated with EFP.

![M~2~--(H~2~O)~2~ systems. (A) Configuration 1 and (B) configuration 2 of the Ag~2~--(H~2~O)~2~ system. (C) Configuration 1 and (D) configuration 2 of the Au~2~--(H~2~O)~2~ system. The water molecule circled in green is treated with EFP.](ao0c00132_0002){#fig2}

###### (M~2~--H~2~O)--H~2~O (M = Ag, Au) Interaction Energies (kcal/mol)

                             DFT      BP86/EFP2   HF/EFP2   CCSD(T)/Def2-TZVP   CCSD(T)/DZP
  -------- ----------------- -------- ----------- --------- ------------------- -------------
  M = Ag   configuration 1   --7.85   --7.7       --5.96    --8.08              --9.56
           configuration 2   --5.84   --5.99      --4.61    --6.37              --7.68
  M = Au   configuration 1   --8.70   --7.63      --5.94    --11.22             --9.84
           configuration 2   --5.20   --3.60      --2.17    --5.58              --6.71

Potential Energy Curves of the Dimer Complexes {#sec3.2}
----------------------------------------------

In order to perform molecular dynamics simulations and geometry optimizations, a force field should yield reliable energies throughout the potential energy surface. Potential energy curves were calculated using both full QM and QM/EFP methods for the two configurations of the Ag~2~--H~2~O and Au~2~--H~2~O dimers, as shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}.

![Potential energy curves for the end configuration of the M~2~--H~2~O complexes (M = Ag and Au). (A) Ag~2~--water interaction energies with (A) full QM and (B) QM/EFP. Au~2~--water interaction energies with (C) full QM and (D) QM/EFP.](ao0c00132_0003){#fig3}

![Potential energy curves for the side configuration of the M~2~--H~2~O complexes (M = Ag and Au). (A) Ag~2~--water interaction energies with (A) full QM and (B) QM/EFP. Au~2~--water interaction energies with (C) full QM and (D) QM/EFP.](ao0c00132_0004){#fig4}

### End Configuration {#sec3.2.1}

Potential energy curves for the end configuration were generated by moving the water molecule along the main axis of the metal dimer, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. It is noted that this configuration is not identical to the one shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A.

Coupled cluster theory \[CCSD(T)\] shows an interaction energy of −12.62 kcal/mol at the equilibrium distance of 2.3 Å for the Au~2~--H~2~O complex, and an interaction energy of −7.87 kcal/mol at the equilibrium distance of 2.4 Å for the Ag~2~--H~2~O complex. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, the DFT and DFT-D curves closely resemble the CCSD(T) curves. On the other hand, HF underestimates the minimum interaction energy and overestimates the equilibrium intermolecular distance because of missing electron correlation. The Grimme dispersion correction^[@ref49]^ (HF-D) slightly lowers the interaction energy but does not yield a more accurate minimum distance.

Overall, the QM/EFP1 and QM/EFP1-D methods (QM = HF, BP86) underestimate the interaction energy and overestimate the equilibrium distance, which is consistent with the results shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The EFP force fields have typically been used in conjunction with all-electron basis sets for the QM region. For heavy elements, it is more practical to use a valence basis set in conjunction with an ECP for the inner electrons. This approach reduces the computational cost, while taking into account scalar relativistic effects, which are important in heavy elements such as gold and silver. In order to determine the effect of the ECP on the HF/EFP1-D interaction energy, the Def2-TZVP basis was replaced with a full-electron DZP basis set \[HF/EFP1-D (DZP) curve\]. The results show that when an all-electron basis set is used for the QM region (the metal dimer in this case), the minimum of the potential energy curve is lowered by about 2 kcal/mol, whereas the intermolecular equilibrium distance remains unchanged.

The HF/EFP2 curves closely match the CCSD(T) curve at intermolecular distances larger than or equal to the equilibrium distance but no repulsion occurs at a short range. This behavior can be explained by the formation of a stronger bonding interaction between the M~2~ molecule and the water at short range, as explained previously. Such interactions cannot be treated with a force field like EFP. Two BP86/EFP2 curves are reported: the BP86/EFP2 orange curve was obtained without screening the Coulomb energy, whereas the red curve was obtained by using a Gaussian damping function to damp the Coulomb energy. This Gaussian damping is noted as ISC = 0 in the legends of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D. Overall, the presence of a Gaussian screening function does not significantly affect the results. It is interesting to point out that unlike HF/EFP2, the BP86/EFP2 curves may display a local minimum. However, the interaction energy is underestimated by about 10 kcal/mol, and the equilibrium distance is highly overestimated relative to DFT. Again, the inaccuracy of the BP86/EFP2 results might be because of a strong interaction at short range. It is also emphasized that the QM/EFP1 and QM/EFP1-D curves do display a repulsive behavior at short range unlike EFP2. However, this behavior is because a fitted function is used to compute the remainder term. This term, which in principle captures exchange-repulsion and charge transfer for the water dimer, is by construction repulsive.^[@ref28]^ On the other hand, the QM/EFP2 exchange-repulsion term is computed from first-principles perturbation theory, without fitted parameters.

The HF/EFP2 and BP86/EFP2 interaction energy contributions for the Ag~2~--H~2~O complex are compared to SAPT for intermolecular distances between 3.0 and 4.0 Å ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The scheme in ref ([@ref67]) is used to group the SAPT interaction energy terms into terms similar to EFP. However, it should be emphasized that there is no exact one-to-one correspondence between the EFP and SAPT energy contributions. As a result, only rough qualitative comparisons can be made. Overall, BP86/EFP2 yields slightly smaller interaction energies than SAPT, whereas HF/EFP2 yields slightly larger interaction energies than SAPT. However, the differences between the QM/EFP2 and SAPT total interaction energies are within about 1 kcal/mol. At a distance of 3.0 Å, the Coulomb and dispersion energies computed with HF/EFP2 are within 0.8 kcal/mol of the SAPT values. On the other hand, the magnitudes of the polarization and exchange-repulsion energies are 1.5 and 2.8 kcal/mol smaller than the SAPT values, respectively. The BP86/EFP2 results show an underestimation of the magnitude of the Coulomb and polarization energy of 1.3 and 1.5 kcal/mol, respectively. On the other hand, the dispersion energy is overestimated by 1.1 kcal/mol. The exchange-repulsion energy is underestimated by 0.7 kcal/mol. It is also worth emphasizing that QM/EFP2 does not currently include charge transfer effects, which might be important in this system. In conclusion, HF/EFP2 and BP86/EFP2 yield interaction energies that are qualitatively comparable to SAPT for the end configuration of the Ag~2~--H~2~O complex.

###### QM/EFP2 and SAPT Interaction Energy Contributions (in kcal/mol) for the End Configuration of the Ag~2~--Water Complex

                                 *R* = 3.0 Å   *R* = 3.5 Å   *R* = 4.0 Å
  -------------------- --------- ------------- ------------- -------------
  Coulomb              HF/EFP2   --5.06        --2.90        --1.79
  BP86/EFP2            --4.57    --2.50        --1.49        
  SAPT                 --5.89    --2.64        --1.45        
  polarization         HF/EFP2   --0.30        --0.10        --0.04
  BP86/EFP2            --0.25    --0.07        --0.02        
  SAPT                 --1.78    --0.68        --0.30        
  dispersion           HF/EFP2   --1.56        --0.69        --0.34
  BP86/EFP2            --2.25    --0.97        --0.47        
  SAPT                 --1.18    --0.46        --0.21        
  exchange-repulsion   HF/EFP2   1.70          0.55          0.18
  BP86/EFP2            3.78      1.31          0.51          
  SAPT                 4.51      1.12          0.30          
  total                HF/EFP2   --5.23        --3.14        --1.99
  BP86/EFP2            --3.29    --2.24        --1.48        
  SAPT                 --4.32    --2.67        --1.66        

### Side Configuration {#sec3.2.2}

The M~2~--H~2~O (M = Ag and Au) potential energy curves were calculated using both QM and QM/EFP methods for the side configuration, with the oxygen atom pointing at the metal--metal bond, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. It should be noted that this configuration differs from the side configuration described in the previous section ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), where a hydrogen atom is oriented toward the metal--metal bond. The potential energy curves were obtained by moving the water molecule along the axis connecting the center of the metallic bond and the oxygen atom.

As compared to the end configuration, the CCSD(T) interaction energy for the side configuration is repulsive at all intermolecular distances. This is because of the electronic repulsion between the partial negative charge of the oxygen atom and the high electron density in the metal--metal bond. Interestingly, BP86-D exhibits a minimum with an interaction energy of about −1.2 kcal/mol at an equilibrium distance of about 3.0 Å for both the silver and gold complexes. The inclusion of a dispersion correction produces a minimum with a negative interaction energy for the DFT-D curve but not for the HF-D curve. This observation suggests that DFT-D double counts some electron correlations. On the other hand, the inclusion of dispersion to HF (HF-D) does not double count electron correlation and yields results similar to CCSD(T).

Unlike the full QM curves, the QM/EFP1 and QM/EFP1-D curves all display a local minimum with an energy in the order of about −1 kcal/mol, for both the silver and gold systems. The use of an all-electron DZP basis set with the HF/EFP1-D method lowers that minimum to about −2.5 kcal/mol for silver and −5.0 kcal/mol for gold. The HF/EFP2 and BP86/EFP2 methods yield potential energy curves that are more similar to CCSD(T), with a repulsive metal--water interaction of +10.6 kcal/mol or larger at a distance of about 2.2 Å for both metals. At shorter intermolecular distance, the interaction energy suddenly drops. This behavior might be because of strong interactions at a short range, as explained previously. In a practical molecular dynamics simulations, this 10.6 kcal/mol barrier would likely be sufficient to prevent the molecules from getting too close. The presence of electrostatic screening for BP86/EFP2 yields slightly smaller interaction energies but overall does not affect the results. The M~2~--water (M = Ag and Au) interaction energies obtained with SAPT, BP86/EFP2, and HF/EFP2 at intermolecular distances between 2.5 and 4.0 Å are shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. The magnitudes of the HF/EFP2 and BP86/EFP2 Coulomb, polarization, and exchange-repulsion energies are overall underestimated in comparison to SAPT, whereas the dispersion energy is overestimated. These behaviors are accentuated as the intermolecular distance becomes smaller, possibly because of the strong interactions occurring at shorter distances, as explained previously. With cancellation of errors, the total BP86/EFP2 and HF/EFP2 interaction energies are within about 1 kcal/mol of the SAPT values at intermolecular distances larger than 2.5 Å.

###### QM/EFP2 and SAPT Interaction Energy Contributions (in kcal/mol) for the Side Configuration of the Ag~2~--Water Complex

                                 *R* = 2.5 Å   *R* = 3.0 Å   *R* = 3.5 Å   *R* = 4.0 Å
  -------------------- --------- ------------- ------------- ------------- -------------
  Coulomb              HF/EFP2   --1.77        0.23          0.62          0.61
  BP86/EFP2            --1.64    0.04          0.39          0.40          
  SAPT                 --17.70   --3.94        --0.27        0.52          
  polarization         HF/EFP2   --0.06        --0.01        --0.01        --0.01
  BP86/EFP2            --0.04    0.00          0.00          0.00          
  SAPT                 --5.65    --2.34        --1.01        --0.45        
  dispersion           HF/EFP2   --12.79       --4.76        --2.06        --0.98
  BP86/EFP2            --16.58   --6.19        --2.65        --1.25        
  SAPT                 --3.97    --1.71        --0.71        --0.33        
  exchange-repulsion   HF/EFP2   23.43         8.27          2.91          1.02
  BP86/EFP2            28.01     9.53          3.29          1.16          
  SAPT                 35.51     11.54         3.71          1.18          
  total                HF/EFP2   8.81          3.73          1.46          0.64
  BP86/EFP2            9.74      3.38          1.03          0.31          
  SAPT                 8.20      3.55          1.71          0.92          

Optimization of Ag~*n*~--Water and Au~*n*~--water Complexes {#sec3.3}
-----------------------------------------------------------

Several Au~*n*~--water and Ag~*n*~--water complexes (*n* = 2, 4, 6, and 8) were optimized at the BP86/Def2-TZVP level of theory. The energies of the optimized structures were computed at the CCSD(T)/Def2-TZVP level of theory. Single-point energies of these optimized structures were then computed with QM/EFP1, QM/EFP1-D, and QM/EFP2 (QM = HF, BP86). Starting structures for the metal nanoclusters with four or more atoms were obtained from Beak *et al*.^[@ref70]^ The optimized complexes are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![(A) Ag~*n*~--water complexes and (B) Au~*n*~--water complexes optimized at the BP86/Def2-TZVP level of theory.](ao0c00132_0005){#fig5}

The energetically most stable structures are those where the water is positioned near the outer edges of the nanocluster, while the least stable ones are those with the water positioned near the center of bonds ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00132/suppl_file/ao0c00132_si_001.pdf)). [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows how the full DFT and QM/EFP2 interaction energies correlate with the CCSD(T)/Def2-TZVP interaction energies.

![Correlation between the QM/EFP interaction energies and CCSD(T) interaction energies. (A) Ag~*n*~--water clusters and (B) Au~*n*~--water clusters.](ao0c00132_0006){#fig6}

Overall, the DFT method yields interaction energies that are in excellent agreement with CCSD(T), which is consistent with results computed for the M~2~--water (M = Ag and Au) dimers. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows an overall good correlation of the HF/EFP2 and BP86/EFP2 interaction energies with the CCSD(T)/Def2-TZVP interaction energies for both the silver and the gold systems. In particular, HF/EFP2 produces *R*^2^ values of 0.95. The *R*^2^ coefficient for BP86/EFP2 are smaller, with values of 0.86 and 0.66 for Ag and Au systems, respectively. However, these smaller *R*^2^ values can be attributed to the presence of a few outliers, especially for the gold systems. The discrepancies between QM/EFP2 and CCSD(T) might be attributed to the formation of strong interactions at the DFT-optimized geometries, as explained previously. Other possible sources of error include the absence of relativistic effects in the treatment of the metals. It is noted that no such correlation was observed between the QM/EFP1 (or QM/EFP1-D) interaction energies and the CCSD(T) interaction energies ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00132/suppl_file/ao0c00132_si_001.pdf)). These results suggest that the *ab initio* derived EFP2 force field produces consistently more reliable metal--cluster interaction energies.

Conclusions {#sec4}
===========

The interactions between noble metal nanoclusters and water molecules were computed using full QM methods and QM/EFP methods. For the QM/EFP calculations, the metal cluster was treated quantum mechanically (with DFT or HF), whereas the water molecule was treated with an EFP force field. The EFP1, EFP1-D, and EFP2 force fields were investigated. Overall, the M~*n*~--H~2~O (M = Ag and Au and *n* = 2, 4, 6, and 8) interaction energies computed with the QM/EFP2 methods show a good correlation with those computed with CCSD(T) at the DFT-optimized geometries. Good qualitative agreement with CCSD(T) and SAPT is obtained at medium--large intermolecular distances for the M~2~--H~2~O dimer. As the intermolecular distances decrease, EFP2 is no longer reliable because of strong interactions. In order to get more reliable interaction energies, the first solvation shell of the metal should be treated with full QM, if possible. On the other hand, the interaction energies obtained with the QM/EFP1 and QM/EFP1-D methods show no correlation with the reference CCSD(T) interactions energies, possibly because of an inadequate remainder term. In conclusion, the QM/EFP2 method is a good potential candidate for the QM modeling of silver and gold nanoclusters in aqueous solution as this method gives reliable interaction energies at a computational cost much smaller than that of DFT.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00132](https://pubs.acs.org/doi/10.1021/acsomega.0c00132?goto=supporting-info).QM/EFP interaction energies of M~*n*~--water complexes (M = Ag and Au) and coordinates of optimized M~*n*~ clusters and M~*n*~--water complexes ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00132/suppl_file/ao0c00132_si_001.pdf))
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